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a b s t r a c t
The Drosophila midgut has emerged as an attractive model system to study stem cell biology. Extensive
studies have been carried out to investigate the mechanisms of how the signaling pathways integrate to
regulate intestinal stem cells (ISCs), yet, whether the microRNAs are involved in ISC self-renewal and
maintenance is unknown. Here we demonstrate that the bantam microRNA is expressed speciﬁcally at
high levels in Drosophila midgut precursor cells (including ISCs and enteroblasts) and secretory
enteroendocrine cells while at extremely low levels in enterocytes. Furthermore, overexpression of
bantam microRNA results in increase of the division of the midgut precursor cells, whereas loss of
bantam microRNA decreases their proliferation. The mechanical studies show that bantam microRNA is
essential for the Hpo pathway induced cell-autonomous ISC self-renewal, while it is disposable for EGFR
and Notch pathways mediated ISC proliferation. More interestingly, we ﬁnd that bantam microRNA is not
required for the Hpo pathway mediated non-cell-autonomous ISC proliferation, revealing a novel
mechanism by which the Hpo signaling pathway speciﬁes its transcriptional targets in speciﬁc tissue
to exhibit its biological functions.
& 2013 Elsevier Inc. All rights reserved.
Introduction
Accumulating evidence has suggested that the Drosophila adult
midgut is an attractive model for studying stem cell biology (Casali
and Batlle, 2009). The Drosophila adult midgut contains intestinal
stem cells (ISCs) that are located basally to the basement mem-
brane of the midgut epithelium (Micchelli and Perrimon, 2006;
Ohlstein and Spradling, 2006). The division of ISCs gives rise to
renewed ISCs or enteroblasts (EBs) that undergo further differ-
entiation to become either larger enterocytes (ECs) or small
secretory enteroendocrine cells (EEs), both of which are terminally
differentiated cells (Micchelli and Perrimon, 2006; Ohlstein and
Spradling, 2006). ISCs can be distinguished by their small nuclear
sizes with the speciﬁc expression of the Notch ligand Delta (Dl)
(Supplementary material Fig. 1). ISCs and EBs, the so-called midgut
precursor cells, express the Snail/Slug family transcription factor
escargot (esg) (Micchelli and Perrimon, 2006). Over 90% of EBs
differentiate into ECs, which can be distinguished by their large
endoreplicating nuclei and Pdm1 expression (Singh et al., 2012).
The EEs are characterized by their small size and Prospero(Pros)
expression (Supplementary material Fig. S1A) (Singh et al., 2012).
Several signaling pathways including Notch (Ohlstein and
Spradling, 2007), Wingless (Wg)/Wnt (Lin et al., 2008), and JAK-
STAT play curial roles in ISC maintenance, proliferation and
differentiation in Drosophila midgut (Jiang et al., 2009; Liu et al.,
2010). Hyperactivation of Notch signaling in ISCs leads to a loss of
ISCs and the formation of ECs, whereas inactivation of Notch
signaling results in tumor-like ISC accumulation. The JAK-STAT
pathway is important for damage-induced ISC proliferation and
subsequent midgut regeneration while the Wnt Pathway consti-
tutes the ISC niche in regulating ISC self-renewal and differentia-
tion. A signiﬁcant role of the Hippo (Hpo) pathway in Drosophila
midgut proliferation has been illustrated recently (Poernbacher
et al., 2012; Ren et al., 2010; Shaw et al., 2010; Staley and Irvine,
2010). Several lines of evidence pointed out that the Hpo pathway
mediates ISC proliferation in the normal physiological environ-
ment as well as in the damage-induced regeneration. Despite the
great efforts have been paid to investigate the functions of several
signaling pathways in ISC self-renewal or differentiation, whether
microRNA participates in the regulation of ISC proliferation and
maintenance is unknown.
Here, we report that bantam microRNA exhibits cell lineage
speciﬁc expression pattern in Drosophila midgut. We ﬁnd that both
overexpression and inactivation of bantam regulate ISC renewal
without disrupting ISC differentiation in Drosophila midgut. Further-
more, bantam is required in precursor cells for injury-induced ISC
proliferation. Despite that bantam microRNA is indispensible for
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Hippo signaling (Thompson and Cohen, 2006), EGFR signaling
(Herranz et al., 2012a, 2012b) and Notch signaling (Becam et al.,
2011) induced proliferation or differentiation in imaginal disc, it is
only required for loss of Hpo signaling-induced cell-autonomous ISC
proliferation. Combing our subsequent ﬁnding that bantam micro-
RNA is not required for the Hpo pathway transcriptional co-activator
Yorkie (Huang et al., 2005) induced non-cell-autonomous ISC pro-
liferation, we propose an updated model that Hpo signaling regulates
the ISC proliferation in Drosophila through specifying its transcrip-
tional targets in speciﬁc tissue.
Results
Bantam exhibits cell linage speciﬁc expression pattern
in Drosophila midgut
Although the functions of several signaling pathways have been
identiﬁed in adult midgut, whether microRNAs play roles in ISC
biology remains elusive. Occasionally, we found that bantam-LacZ,
which reﬂects the expression level of bantam microRNA, was
highly expressed in esgGFPþ cells (ISCs/EBs) and Prosþ cells (EEs)
(Fig. 1A–A′′′). Esg-Gal4 enables transgenes to be expressed speci-
ﬁcally in ISCs and EBs; therefore, esgGFPþ marks the midgut
precursor cells (Micchelli and Perrimon, 2006). To conﬁrm this
discovery, we combined esg-LacZ with bantam Sensor GFP (BSGFP)
to check the expression pattern of bantam. Flies carrying BSGFP
express GFP containing two copies of the bantam target sequence
in the 3′-UTR under the control of the tubulin promoter
(Brennecke et al., 2003; Thompson and Cohen, 2006). As pre-
dicted, BSGFP was expressed at a high level in ECs while is nearly
undetectable in precursor cells and EEs (Fig. 1B-B'''). Furthermore,
we found that the expression of BSGFP was exclusive of the
expression of Dl (Supplementary material Fig. S1B–B′′′), which
serves as a highly speciﬁc ISC marker (Micchelli and Perrimon,
2006). To further strengthen our ﬁndings, we then generated ﬂip-
out clones of N-RNAi, which produced both ISC-like and EE-like
tumors (Lin et al., 2008; Ohlstein and Spradling, 2007). As shown
in Supplementary material Fig. S1C–C′′′, BSGFP was expressed
with a higher level in Dl and Pros ECs. Collectively, our study
demonstrates that bantam microRNA is expressed at a high level
in precursor cells and EEs, suggesting a possible role of bantam in
ISC proliferation and/or differentiation.
Bantam promotes ISC renewal without disrupting ISC differentiation
in Drosophila midgut
To explore the function of bantam microRNA in midgut home-
ostasis, we expressed UAS-bantam under the control of esg-Gal4.
Overexpression of bantam increased the number of esgGFPþ cells
dramatically (compare Fig. 2A with B), suggesting a role of bantam
in expanding the precursor cell population. The BrdU cell prolif-
eration assay was then carried out to determinate whether bantam
affects ISC proliferation. Indeed, overexpressing bantam in pre-
cursor cells resulted in increase of ISCs that are undergoing DNA
replication (compare Fig. 2A′ with B′, and C).
Previous studies indicated that JAK/STAT pathway is critical for
ISC homeostasis (Jiang et al., 2009). To strengthen our ﬁnding, we
examined the mRNA levels of ISCs marker genes, such as Dl and
Esg, and the mRNA levels of JAK/STAT pathway ligand and target
genes using real-time PCR when expressed bantam using esg-Gal4.
As shown in Fig. 2D, the activation of bantam was sufﬁcient to
promote expression of Dl, Esg, JAK-STAT pathway ligand Upd3 and
JAK-STAT pathway target SOC36E, suggesting that bantam regu-
lates the proliferation of ISCs.
Since esg-Gal4 is supposed to drive transgene expression as
early as larvae stage (Ren et al., 2010), whether the gain-of-
function of bantam is sufﬁcient to affect ISC proliferation at the
adult stage requires further investigation. We took the advantage
of a tublin-Gal80ts to temporarily control esg-Gal4-mediated gene
expression (esgts). To induce transgene expression, adult ﬂies were
shifted to 29 1C for 7 days. As shown in Supplementary material
Fig. S1D–D′′ and E–E′′, the midguts overexpressing bantam gen-
erated more precursor cells compared with control midguts.
Moreover, the pH3 staining results indicated that overexpression
of bantam in Drosophila adult midgut was sufﬁcient to promote
the proliferation of ISCs (Supplementary material Fig. S1F).
To further explore the function of bantam in the growth of
intestinal epithelial tissue and ISC maintenance and differentia-
tion, we used mosaic analysis with a repressible cell marker
(MARCM) to express bantam in GFP positive clones, which enable
us to trace the lineage of ISCs. As revealed in Fig. 2F–F′′, MARCM clones
Fig. 1. bantam microRNA exhibits cell linage speciﬁc expression pattern in Drosophila midgut. (A–B′′′) Bantam is expressed at a high level in Drosophila midgut precursor
cells and EEs. Drosophila adult female midguts with BSGFP and esgLacZ expression (B–B′′′) or esgGFP and bantam-Lacz expression (A–A′′′) were dissected out and
immunostained with indicated antibodies. BSGFP is the bantam sensor line, whose expression level is reversely correlated with that of bantam. esgGFPþ and Prosþ cells
stand for precursor cells and EEs respectively. The representative precursor cells, EEs and large-nuclei ECs were pointed out by green, pink, and red arrows. Note that BSGFP
exhibited higher expression only in ECs (B–B′′′), while bantam-LacZ is expressed at a much higher level in both precursor cells and EEs (A–A′′′).
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overexpressing bantam contained Pdm1þ large-nuclei ECs and small-
nuclei precursor cells or EEs, indicating that excessive bantam activity
was incapable of affecting ISC differentiation. We also compared the
clone size (indicated by the number of GFPþ cells per clone) of the
control clones and bantam overexpression clones. As shown in
Fig. 2E–G, MARCM clones with bantam overexpression exhibited
growth advantage compared with control clones, suggesting that
bantam was sufﬁcient to promote intestinal tissue overgrowth.
Inactivation of bantam restricts ISC renewal without affecting the cell
lineage
To ﬁgure out whether the basal activity of bantam is essential for
ISC proliferation and differentiation, we expressed bantam sponge
transgene (UAS-bantam.sp), which sequestrates endogenous bantam
through its ten bantam microRNA binding sites (Becam et al., 2011),
using esg-Gal4 driver. Strikingly, knockdown of bantam by expressing
bantam.sp reduced the number of precursor cells (compare Fig. 3B–B′
with A–A′, and C). Furthermore, we found that knockdown of bantam
by expressing bantam.sp resulted in a decrease of esgGFP intensity,
which reﬂects a lower esg promoter activity, suggesting that the basal
activity of bantam was important for ISC maintenance. Real-time PCR
results also revealed a reduction of esg, upd3 and soc36E by bantam
knockdown (Fig. 4E). These pieces of evidence indicate that bantam is
critical for ISC self-renewal. To further strengthen the ﬁnding, we used
MARCM technique to investigate whether knockout of bantam affects
the cell lineage of ISC clones. Lineage analysis of bantam null clones
suggested that the basal level of bantam was not critical for ISC
differentiation since bantam mutant clones consisted of small-nuclei
precursor cells or EEs and Pdm1þ large-nuclei ECs (Fig. 3E–E′′).
Consistent with bantam knockdown phenotype that ISC proliferation
was restricted, bantam knockout resulted in a reduction of clone size
Fig. 2. Gain-of-function of bantam promotes ISC renewal without disrupting ISC differentiation in Drosophilamidgut. (A–B′′) Overexpression of bantam in midgut precursor
cells results in increased ISC population. Wild type Drosophila adult female midguts or midguts expressing UAS-bantam with esg-Gal4were examined. Note that the numbers
of esgGFPþ cells were dramatically increased in the present of bantam. BrdU marked the ISCs that were undergoing DNA replication. (C) Quantiﬁcation of BrdUþ ISCs. The
total number of BrdUþ ISCs in the entire midgut with or without bantam overexpression was counted under the ﬂuorescent microscope. (D) Overexpression of bantam in
midgut precursor cells upregulates the expression of the marker genes of the ISCs and promotes production of Upd. The relative mRNA levels of Delta, Esg, Upd3, Socs36E in
whole midguts of the indicated genotypes were measured by Real-time PCR. Note that their expression levels were signiﬁcantly increased. (E–F′′) Gain-of-function of bantam
does not affect ISC differentiation. The control clones or clones with bantam overexpression were generated by MACRM system. The representative ECs marked by Pdm1
were pointed out by white arrows. The green arrows indicated the small-nuclei precursor cells. Note that cell lineages within clones with bantam overexpression were
normal though these clones possessed growth advantage. (G) Quantiﬁcation of the size of ISC clones. The total number of cells within separated clones of indicated genotype
was counted and plotted. Note that clones with bantam overexpression grew faster than control clones. ACI stands for after clone induction.
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(compare Fig. 3E with D, and F). Taken together, the evidence suggests
that bantam inactivation, either by bantam.sp or by knockout, restricts
ISC renewal rather than ISC differentiation.
The evidence above demonstrates a critical role of bantam in
ISC proliferation in physiological level, we then examined whether
the activity of bantam is necessary for DSS-induced midgut
regeneration (Amcheslavsky et al., 2009). Indeed, we found that
esgþ cells increased dramatically in the ﬂies treated with DSS
(compare Fig. 3G–G′ with H–H′), while such phenomenon was
reversed by the introduction of bantam.sp (compare Fig. 3I–I′ with
H-H'), suggesting that bantam is required in precursor cells for
injury-induced ISC proliferation.
Bantam is essential for cell-autonomous ISC proliferation induced
by loss of Hpo signaling
Previous studies have shown that activation of EGFR signaling
(Herranz et al., 2012a) and dysfunction of Hpo signaling in the
imaginal discs (Thompson and Cohen, 2006) act through bantam
to control tissue growth. Furthermore, Notch mediates boundary
formation in the Drosophila wings partially through repression of
bantam miRNA (Becam et al., 2011). Interestingly, all of these three
signaling pathways have been reported to play roles in ISC self-
renewal and maintenance. To systematically investigate the
mechanisms by which bantam regulate ISC proliferation, bantam
was knocked down or knocked out under conditions of various
genetic settings. We ﬁrst investigated whether bantam microRNA
is essential for the EGFR pathway induced ISC proliferation in
Drosophila midgut. We activated EGFR pathway by expressing an
active form of Ras, Ras(G12V) in the precursor cells that were
either wild type or expressing bantam.sp under the control of esgts.
By means of real-time PCR and immunostaining assays, we found
that knockdown of bantam was incapable of inhibiting Ras
activation-induced upregulation of Dl, Esg, Upd3 and Socs36E
(Supplementary material Fig. S2A). Moreover, bantam was also
not essential for the EGFR activation resulted increase of esgþ cells
(Supplementary material Fig. S2B–F). These observations indicate
that bantam was not required for the EGFR pathway in the
regulation of ISC proliferation. Besides checking the relationship
between bantam and the EGFR pathway, the inﬂuence of bantam
Fig. 3. Inactivation of bantam restricts ISCs renewal without affecting their lineages. (A-B′) Loss-of-function of bantam decreases number of midgut precursor cells. Wild
type Drosophila adult female midguts (A) or midguts expressing UAS-bantam.sp (B) under the control of esg-Gal4 were examined. The bantam-sponge (bantam.sp) was used
to neutralize the endogenous bantam microRNA. Note that depletion of bantam by bantam.sp was able to decrease number of ISCs and weaken esgGFP intensity.
(C) Quantiﬁcation of midgut precursor cells. The total number of esgGFPþ cells under one microscopic ﬁeld was counted. The results represented the mean7SEM from more
than six independent midguts. (D–E′′) Knockout of bantam restricts ISC clone growth while is incapable of affecting ISC differentiation. The control clones or clones with
bantam knocking out were generated by MACRM system. The representative ECs marked by Pdm1 were pointed out by white arrows. (F) Quantiﬁcation of the size of ISC
clones. Note that knockout of bantam in ISCs resulted in growth defect. ACI stands for after clone induction. (G–I′) Bantam is required in the precursor cells for DSS-
stimulated ISC proliferation. Adult ﬂies expressing control (G–H′) or bantam.sp (I–I′) in the control of esg-Gal4 were treated with sucrose (G–G′) or DSS (H–I′) for 3 days
before midguts dissection. Note that bantam.sp recovered DSS-trigged increase of ISCs.
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to the Notch pathway was also investigated. As shown in
Supplementary material Fig. S2G–H′, withdraw of bantam hardly
affected inactivation of Notch resulted tumor-like ISC accumula-
tion. Finally, the genetic interaction between bantam and Hpo
signaling was examined. We generated sav mutant MARCM clones
with simultaneous inactivation of bantam by bantam.sp over-
expression. As shown in Fig. 4A–C, knockdown of bantam was
sufﬁcient to suppress sav mutant-induced overgrowth of ISC
clones. To explore the genetic epistasis relationship between
bantam and yki, we overexpressed Yki in ISCs/EBs and simulta-
neously inactivated bantam by coexpressing bantam.sp using the
esgts system. The pH3 staining results revealed that overexpression
of Yki in the midgut precursor cells stimulated the division of ISCs,
while such increases inhibited by bantam knockdown (Fig. 4D).
Furthermore, we found that knockdown of bantam suppressed
excessive Yki activity-induced upregulation of Dl, Esg, Upd3
and Socs36E expression levels, suggesting that Yki promoted ISC
proliferation depends on bantam (Fig. 4E). This conclusion was
also supported by the observation that bantam knockdown sup-
pressed the increase of esgþ cell number caused by Yki over-
expression (compare Fig. 4G–G′ with H–H′). To further strengthen
this ﬁnding, we overexpressed Yki in bantam null MARCM clones.
As shown in Fig. 4I–K, the ISC clones with Yki expression grew at a
high rate, whereas bantam depletion in these clones dramatically
inhibited clone growth, indicating that Yki induced ISC prolifera-
tion was dependent on the activity of bantam. Taken together, it
suggests that bantam is essential for the Hpo pathway-induced ISC
proliferation.
Previous study reveals that bantam is one of the transcriptional
target genes of the Hpo pathway in imaginal disc (Badouel and
McNeill, 2011). We then try to investigate whether the other
targets of the Hpo pathway have similar expression pattern of
that of bantam in midgut. We generated ﬂies carrying ex-LacZ,
diap1-LacZ with esg-Gal4;UAS-GFP. We found that Ex was dom-
inantly expressed in ECs (cells with large nuclei, labeled with red
arrows), but not in esgGFPþ cells (labeled with green arrows)
Fig. 4. Bantam is essential for Hpo signaling induced cell-autonomous ISC proliferation. (A–B′) Inactivation of bantam inhibits knockout of Sav induced ISC proliferation. The
representative MARCM clones with indicated genotype were shown. Note that deletion of bantam was sufﬁcient to block knocking out of Sav induced clone growth.
(C) Quantiﬁcation of the size of ISC clones from the adult midguts of the indicated genotype. ACI stands for after clone induction. (D) Bantam is essential for Yki-induced ISC
division. The mitoses from entire adult midguts of indicated genotype were counted. pH3þ marked the mitotic ISCs. (E) Deletion of bantam restricts the function of Yki in
regulating the expression of ISC marker genes and JAK/STAT signaling. The relative mRNA levels of Delta, Esg, Upd3, Socs36E in the entire midgut of the indicated genotypes
were determined by Real-time PCR. Note that Yki activated JAK/STAT signaling and elevated level of ISCs marker genes, while such effect of Yki was blocked by bantam.sp.
(F–H′) Adult midguts containing GFP-labeled precursor cells expressing control (F–F′), UAS-Yki (G–G′) or expressing both bantam.sp and UAS-Yki (H–H′) were immunostained
to show the expression of esgGFP (green), Arm (cytoplasmic red), Pros (nuclear red), and DAPI (blue). Note that overexpression of Yki resulted in a dramatic increase of ISCs,
which were inhibited via eliminating of bantam. (I–J′) Bantam is required for Yki-induced ISC proliferation. The representative MARCM clones with indicated genotype were
shown. Note that knockout of bantam in ISCs was sufﬁcient to block Yki-induced clone growth. (K) Quantiﬁcation of the size of ISC clones from the adult midguts of the
indicated genotype. ACI stands for after clone induction.
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(Supplementary material Fig. S3A–A′′′). Of note, strong Armadillo
(Arm, β-catenin in vertebrates) staining was observed around
esgGFPþ cells compared with relatively weaker Arm staining at
the cell membrane of ECs ((Lin et al., 2008), Supplementary
material Fig. S3A′′); therefore, we distinguished precursor cells
from other cells by checking Arm level. Unlike ex, diap1 is expressed
universally in midgut precursor cells and ECs (Supplementary
material Fig. S3B–B′′′). Considering that bantam expresses at a high
level in precursor cells and EEs, our study demonstrates that the
targets of the Hpo signaling exhibit different cell lineage distribu-
tions in Drosophila midgut. Interestingly, only the expression
pattern of bantam is similar to that of Yki (Supplementary
material Fig. S3C–C′′′ and (Singh et al., 2012)), which further
conﬁrms our conclusion that bantam is essential for mediating
ISC proliferation induced by loss of Hpo signaling.
Bantam is not required for the Yki-induced non-cell-autonomous ISC
proliferation
Besides inducing ISC proliferation through a cell-autonomous
mechanism, Hpo signaling also functions in ECs to regulate the
production of cytokines (such as EGFR ligands or Upds) and subse-
quently promote ISC proliferation in a non-cell-autonomous fashion
(Ren et al., 2010; Shaw et al., 2010; Staley and Irvine, 2010). To
determine whether inactivation of Hpo signaling-induced non-cell-
autonomous ISC proliferation is also mediated by bantam, we
expressed UAS-bantam, UAS-bantam.sp or UAS-Yki respectively under
the control of Myo1A-Gal4, an EC speciﬁc Gal4 driver (Jiang et al.,
2009), in conjunction with tub-Gal80ts (MyolAts). After shifting the
adult ﬂies to 29 1C to induce the expression of the transgenes for
7 days, a dramatic increase in ISC proliferation was observed in the
midguts with Yki overexpression, indicated by a increase of cells
with small-nuclei and higher Arm level as well as a decrease of
MyolAGFPþ cells (compare Fig. 5C–C′′ with A–A′′). Whereas, such
increase was not observed in the midguts expressing the bantam or
bantam.sp (compare Supplementary material Fig. S4A–A′′, Fig. 5B–B′′
with A–A′′), suggesting that bantamwas unable to phenocopy Yki to
induce a non-cell-autonomous ISC proliferation. We also noticed that
coexpressing bantam.sp and Yki in ECs was incapable of reversing
excessive Yki activity-induced increase of precursor cells (compare
Fig. 5D–D′′ with C–C′′). The real-time PCR results also demonstrated
that bantam.sp failed to inhibit Yki expression-induced upregulation
of Dl, Esg, Upd3 and Soc36E in ECs (Fig. 5E). Furthermore, bantam
was not necessary for Yki-mediated non-autonomous ISC mitosis,
illustrated by the pH3 counting assay (Fig. 5F). It is known that the
overexpression of Yki in ECs was able to promote the transcription of
its targets including ex, diap1 and bantam microRNA (Shaw et al.,
2010; Staley and Irvine, 2010). We demonstrated that the Yki-
triggered non-cell-autonomous ISC proliferation is independent of
bantam; therefore, we then investigated whether the process
requires the transcriptional machinery of the Hpo pathway. We
found that RNAi knockdown of Sd, the well-known transcription
factor of the Hpo pathway (Wu et al., 2008; Zhang et al., 2008), was
sufﬁcient to block the upregulation of Dl, Esg, Upd3, Socs36E
(Supplementary material Fig. S4B) and the increase of the precursor
cell numbers (compare Supplementary material Fig. S4E–E′′′ with D–
D′′′) that induced by Yki expression in ECs, suggesting that Hpo
downstream transcriptional activities did induce the non-cell-
autonomous ISC proliferation. It has been reported that the use of
tissue damage reagents, such as DSS, results in the upregulation of
Yki protein and consequent expression of Yki transcription targets in
ECs (Shaw et al., 2010; Staley and Irvine, 2010). Consistent with
previous report (Shaw et al., 2010), we found that RNAi knockdown
of Yki by MyolA-Gal4 partially inhibit DSS-induced ISC proliferation
(compare Fig. 5J–J′ with H–H′), indicating that Yki-medicated
non-cell-autonomous ISC proliferation was important for tissue
regeneration. We then examined whether bantam is required in
ECs for the DSS-induced tissue regeneration. As shown in Fig. 5I–I′,
knockdown of bantam in ECs could not affect excessive ISC pro-
liferation induced by DSS treatment. This result further conﬁrmed
the conclusion that bantam was not required for Yki-induced non-
cell-autonomous ISC proliferation.
In summary, we propose an updated model of how the Hpo
signaling regulates the midgut stem cell proliferation in Drosophila.
The Hpo pathway controls the ISC proliferation via two distinct
mechanisms. In ISCs, compromised Hpo signaling activates bantam
microRNA, thereby stimulates division of midgut stem cells. In ECs,
Hpo signaling triggers a non-cell-autonomous ISC proliferation
through its transcriptional target(s) exclusive of the bantam micro-
RNA (Fig. 6).
Discussion
In the present study, we provide in vivo evidence that the
bantam microRNA regulates the proliferation of Drosophila intest-
inal stem cells via a cell-autonomous mechanism. Considering rare
reports on exploring the role of microRNA in the ISC biology, our
work raises the possibility that microRNA is implicated in ISC
regulation. More importantly, the detailed mechanism of how the
Hpo pathway controls ISC proliferation is still a puzzle. Our study
shed some light on it, as the evidence presented here suggests that
the autonomous ISC proliferation that induced by inactivation of
the Hpo pathway is dependent on bantam.
Although extensive studies on addressing how Hpo pathway
regulates the ISC proliferation have been carried out (Karpowicz
et al., 2010; Ren et al., 2010; Shaw et al., 2010; Staley and Irvine,
2010), lots of questions remain unresolved. We have shown that
bantam phenocopies Yki to promote ISC self-renewal; however, as
shown here, expressing Yki results in dramatic increase of pre-
cursor cells, while bantam induces a relatively moderate increase
of precursor cells (compare Fig. 4G with Supplementary material
Fig. S1E), suggesting a functional variation between Yki and
bantam. One possible explanation is that Yki in ISCs/EBs adopts
multiple transcriptional targets including bantam in promoting ISC
proliferation. Another unsolved problem is how the Hpo pathway
mediated a non-cell-autonomous proliferation in midgut, since
bantam is dispensable for that. As most of researches done so far
in imaginal discs have focused on the study of the function of Hpo
signaling in a cell autonomous manner, it is extremely interesting
to further explore and expand the non-cell-autonomous function
of the Hpo pathway.
Materials and methods
Drosophila stocks and genetics
The following ﬂy strains were used in this study: UAS-Yki-RNAi
(Bloomington Stock 34067), UAS-Notch-RNAi (Bloomington Stock
33611), UAS-EGFR (Bloomington Stock 9532). Other ﬂy stocks
including: bantam-lacZ, bantam sensor BSGFP, ex-lacZ, diap1-LacZ,
act4CD24Gal4, UAS-Yki, UAS-Sd-RNAi, savsh13 have been described
previously (Zhang et al., 2008); esg-Gal4, MyolA-Gal4, tub-Gal80ts
were gifts from Jin Jiang; UAS-bantam.sp (Becam et al., 2011), UAS-
bantam (Becam et al., 2011), BanΔ1 (Brennecke et al., 2003) were
gifts from Stephen M. Cohen; and UAS-RAS(G12V) was a gift from
Mingfa Li. Inducible expression of transgenes was achieved by using
tub-Gal80ts. For these experiments, the crosses were set up and
cultured at 18 1C to restrict Gal4 activity. F1 adult ﬂies were then
shifted to 29 1C to induce transgene expression. Mutant clones or
clones with transgene overexpression were generated using the
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Fig. 5. Bantam is not required for Hpo signaling induced non-cell-autonomous ISC proliferation. (A–D′) Inactivation of bantam in ECs is incapable of inhibiting Yki-induced
non-cell-autonomous ISC proliferation. Adult midguts expressing indicated genotypes were dissected out and immunostained with MyolAGFP (green), Arm (cytoplasmic
red), Pros (nuclear red). MyolAGFP, the higher level of Arm and Pros indicate ECs, precursor cells and EEs, respectively. Note that activation of Yki in ECs resulted in increase of
precursor cells, while deletion of bantam hardly rescued such effect. (E) Inactivation of bantam in ECs could not block Yki-induced non-cell-autonomous effect. The relative
mRNA levels of Delta, Upd3, Socs36E in the entire midgut of the indicated genotypes were investigated by Real-time PCR. Note that overexpression of Yki in ECs dramatically
promoted the production of Upd and elevated the level of ISCs marker genes. Such effect of Yki could not be blocked by bantam.sp. (F) Knockdown of bantam in ECs could not
prevent Yki-stimulated ISC division. The mitotic events of adult midguts of indicated genotype were calculated. pH3þ marked the mitotic ISCs. (G–J′) Yki, but not bantam is
required in ECs for DSS-stimulated ISC proliferation. Adult ﬂies expressing indicated transgenes for 3 days were dissected to examine the number of precursor cells. Note that
knockdown of Yki, but not bantam, in ECs partially inhibited DSS-induced ISC proliferation.
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MARCM system. For MARCM experiments, crosses were set up and
cultured at 25 1C. The F1 adult female ﬂies aged 3–4 days were
heat-shocked twice at 37 1C for 1 h, then cultured at 25 1C for
indicated days before dissection.
DSS feeding Experiments
Dextran sulfate sodium (DSS) (MP Biomedicals) feeding assay
was done as described previously (Ren et al., 2010). Female adult
ﬂies aged 4–6 days with indicated genotype were selected and
cultured in an empty vial containing a piece of 9 cm2 ﬁlter paper
wet with 5% sucrose solution or 3% DSS in 5% glucose solution for
3 days at 25 1C or 29 1C.
Real-time PCR
Total RNAwas extracted from midguts of 8–10 days old females
using Trizol Reagent (Invitrogen) according to manufacturer's
instructions. The resulting RNA was used to synthesize cDNA by
ReverTra Ace synthesis kit (Toyobo). The Real-time PCR was
performed using ABI7500 System with SYBR Green Real-time
PCR Master Mix (Toyobo) reagent. Primer sequences are available
upon request. Real-time PCR was repeated for three independent
biological replicates. Rp49 was used as a normalization control for
all of the PCR reaction.
Immunostaining
Midguts from female ﬂies were used for immunostaining assay
throughout the study. The immunostaining was done as described
previously (Zhang et al., 2008), except that the tissues were ﬁxed
for 1 h. The following primary antibodies were used: mouse anti-
Delta (DSHB), 1:100; mouse anti-Prospero (DSHB), 1:2000; rabbit
anti-pH3 (Cell Signaling Technology), 1:2000; rabbit anti-LacZ
(Invitrogen), Yki (made by ourself), 1:500; mouse anti-Arm
(DSHB), 1:500; mouse anti-Brdu (BD Biosciences), 1:100.
BrdU cell proliferation assay
Female adult ﬂies aged 4–6 days with indicated genotype were
fed with BrdU (100 μg/ml in 5% glucose solution) (Sigma). After
feeding for 3 days, the midguts were dissected out and were ﬁxed
in 4% formaldehyde for 30 min, followed by DNase I treatment for
1 h at 37 1C. The resulting midguts were then immunostained with
anti-BrdU antibody according to immunostaining procedure.
Statistical analysis
All data in this study were expressed as mean77SEM and
were analyzed using unpaired t-test by GraphPad Prism 5. Results
were considered statistically signiﬁcant when po0.05. nnn,nn,n
stand for po0.001, po0.01, po0.05, respectively. To analyze the
mitotic events of the midgut, the midguts were dissected and
immunostained with anti-pH3 or anti-BrdU antibodies. All of the
pH3þ and Brduþ cells were counted throughout the entire
midgut. To calculate esgþ cells, cells from more than six random
microscopic ﬁelds were counted. To count MARCM clone size,
more than ten relatively large clones for each genotype were
analyzed.
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